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Time-resolved photoelectron spectroscopy of the allyl radical: The lifetimes
of the ultraviolet bands

Thomas Schultz and Ingo Fischer®
Laboratorium fur Organische Chemie der ETH #ah, Universitastrasse 16, CH-8092 Zigh, Switzerland

(Received 1 June 1998; accepted 10 July 1998

We report 1+1'] picosecond time-resolved pump—probe photoelectron spectra of the UV bands of
the allyl radical. The experiments are performed in a molecular beam of allyl radicals, generated by
supersonic jet flash pyrolysis. Photoelectron spectroscopy in a magnetic bottle is shown to be a
suitable method for investigating the photophysics of organic radicals. Lifetimes were obtained for
all vibronic bands between 250 and 238 nm previously assigned by MPI spectroscopy to the
electronically excited® ?A,, C ?B;, andD 2B, states, with values ranging from 20 ps to 9 ps. The
nonradiative decay is due to internal conversion to the electronic ground state. Information on the
structure of the allyl cation is deduced from the photoelectron spectrum1998 American
Institute of Physicg.S0021-960808)02438-9

I. INTRODUCTION strength of 0.23-0.26 was calculated in a theoretical study

ffor one of the electronic transitiod3,and also measured in
absorption® the complete absence of fluorescence was
reported: indicating short lifetimes. The presumably laser-

. . . . _1 . .
picosecond time-resolved pump-probe photoelectron spedMited linewidth of 1 cm = in the MPI studies, however,
troscopy. poses a lower limit of 5 ps on the lifetime of the lower

There are numerous reasons for the interest that the allyfibronic states. Due to their closeness in energy the elec-
radical, GHs, attracts among chemists. First, it is the small-tronic states are assumed to be strongly mixed, which means
est unsaturated hydrocarbon raditatradica), thus serving that the assignments given in Fig. 1 should be regarded as
as a model system for a whole class of molecules. Second, Zero-order. This is confirmed by the appearance of formally
is a relatively stable radical that can accumulate in reactivéymmetry forbidden transitions into several vibrational lev-
environments, but becomes reactive upon photochemical exls of theB state in th1+1] MPI spectrum:** As shown
citation at relatively low energies as compared to stable molin Fig. 1, the energy of the lowest quartet state was calcu-
ecules. An example of a reactive environment of high techlated to be at 6.33 eV; approximately 1.2 eV above the
nical relevance is a combustion engine, where allyl isD-state origin. Thus it is assumed to be irrelevant for the
assumed to be an important intermediate in propangl{C present study.
and butane (@H;0)-rich flamest All C3-hydrocarbon units In contrast to the spectroscopy, the chemical dynamics
are believed to be precursors in the formation of soot andnd reactivity of the allyl radical upon UV excitation is not
polynuclear aromatic hydrocarbohdecause two gunits  understood. Until recently, most of the available experimen-
can combine to form an aromatic unit, like phenyl-radicals.tal information originated from matrix isolation
One can also assume that allyl radicals, formed from parexperiments/®8where the reaction products appearing upon
tially unburned fuel, are important intermediates in tropo-irradiation of allyl radicals were identified by their ground
spheric chemistry. state IR spectra. Irradiation at 254 rifryielded a mixture of

Considerable spectroscopic information is available orallene, propyne, acetylene, methane, and traces of propene,
the energies and symmetries of the electronic states of thghile irradiation at 400 nm supposedly yielded cyclopropy!
allyl system, as summarized in Fig. 1. The ground-state geradicals!’ Theoretical studigs suggested a disrotatory pho-
ometry is known with high accuracy from IR diode laser tocyclization upon excitation in the UV bands, a reaction
spectroscopy,while the vibrational frequencies were deter- pathway that was supported by the results of a resonance
mined by resonance Raman spectrostayd IR spectros-  Raman experimefit®14performed at 224.63 nm, but no di-
copy in cryogenic matriceSThe location of the electronid  rect information on the decay properties of the UV band
state was derived from an unassigned, but well resolved alyystem is yet available. Thus the results have to be regarded
sorption spectruri.The UV band system starting at 250 nm a5 inconclusive.
was studied in detail by absorption spectroscopyyltipho- In two recent communications we described the applica-
ton ionization;**and resonance Raman spectroscbby.*  tion of sophisticated laser techniques to the investigation of
Excited state geometries were derived from partially rotayhe photochemistry of the allyl radical. On the one hand, we
tionally resolved MPI spectrd:*?Although a high oscillator applied picosecond time-resolved photoelectron spectros-
copy to follow the initial decay of low-lying vibrational lev-

3 Author to whom correspondence should be addressed. els of theB-state in real timé® obtaining lifetimes around 20

In this paper we report the lifetimes for a number o
vibrational levels in thd A, C ?B;, andD 2B, electroni-
cally excited states of the allyl radicalglds, as revealed by
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PN A electron, are created. As discussed by several groups in
7®N : experiment&f—32as well as theoretical contributiof$>*de-
IP 815V =——t— Xt 1A tection of the photoelectrons in a time-resolved experiment
i can yield additional insight into the intermediate state dy-
i <276 nm namics that is not available when only the total ion signal is
i collected. The photoelectron spectrum might evolve in time,
§ i, 6.33eV even when the total ion yield is almost constant, permitting
5.15eV : D%B, the detection of electronic energy flow in intersystem cross-
5.00 eV c%B ing or internal conversiof£3> A recent experiment on the
4.97 eV _‘# BZA1 (3s) N9 r : 32 version. Xperl
i ! NO dimer;” (NO),, serves as another example. Here a two-
i step model for the excited-state fragmentation could be de-
<499 nm : <248nm rived from the observation of different timescales for the
decay of the ion signal and the change in the photoelectron
3076V T A% spectrum. Another advantage of photoelectron detection is
A the possibility of a background-free detection of time-
i dependent signals, as will be illustrated below.
< 499 nm Several techniques for the detection of photoelectrons
have been employed in time-resolved experiments with
short-pulse lasers, such as ZEKE-spectrostbpy>® or
electron time-of-flight spectroscop$>? Being interested in
AN =i X%,

transient species we chose detection in a magnetic bottle
FIG. 1. Location of the electronic states of the allyl radical. In the pump steptime'Of'ﬂight spectrometer, which allows for a very high de-
the UV bands of allyl between 4.99 and 5.21 eV were excited by either onetection efficiency. The advantages of a magnetic bottle in
(dotted arrow or two-photon(full arrows) excitation and probed by one- short-pulse experiments were shown in work on the dynam-
photon ionizatior(dashed arrow ics of low-lying Rydberg states in NHRef. 40 and CHl.**

Just recently the technique was extended to transient species
in studies onJ and I (H,0), clusters®? Here we demon-
mtrate the application of time-resolved spectroscopy in a
magnetic bottle to medium-sized organic hydrocarbon radi-
cals.

ps due to internal conversion of thHgstate. In a different
experiment we detected the loss of hydrogen atoms fro
allyl radicals upon UV excitatidtt by time-resolved ioniza-
tion of H-atoms with Lymar« radiation with a rate of 4
x 10" s71, i.e., on a ns time scale. A statistical analysis of
the data revealed that allene formation being the dominar“_
reaction channel is in better agreement with the data than
cyclopropene formation. A schematic drawing of the experimental setup is given
In this paper we will present a full account of the pico- in Fig. 2. The laser system employed in the experiments
second time-resolved work, investigating the primary photo-consists of a titanium—sapphit@i:Sa) laser(Spectra Phys-
physical processes directly after the initial excitation into theics Tsunami with a pulse duration of 1.6 p&ssuming a
UV bands. While in our earlier report we focused on thesecH pulse shape pumped by an argon-ion laser. The ps-
low-lying levels of theB-state we will present here addi- pulses are amplified at a repetition rate of 10 Hz in a regen-
tional data on a large number of vibronic levels of BieC-,  erative Ti:Sa amplifie(REGEN, Positive Lightwith an ad-
and D-state up to 238 nm, the whole range observed andlitional double-pass amplifier stage to an energy of 4—8 mJ,
assigned in the MPI experimerltsAs excitation into the depending on the wavelength. The REGEN is pumped by the
B-state is formally one-photon forbidden, we relied on two-frequency-doubled output of a Nd:YAG laséuanta Ray
photon excitation in our earlier experiments, as indicated byGCR 190. The duration of the amplified pulses lies between
the full arrows in Fig. 1. Most of the experiments described2 and 2.5 ps, assuming Gaussian pulse shape. The system is
here employed one-photon excitation into @eandD-state, tunable from 750 to 840 nm, but the range was extended to
as well as higheB-state levelddotted arrow in Fig. 1L the blue and near-UV part of the spectrum by doubling in a
Within the last decade time-resolved spectroscopy witi7 mm KDP crystal, maintaining the pulse duration as can be
short laser pulses proved to be a valuable method to monitaralculated from the known group velocity dispersion of the
chemical reactions of isolated molecules in real thfié?  material. By mixing the frequency-doubled output with the
However, in order to avoid intensity effects, it is necessary toli:Sa fundamentaln a 3 mm KDPcrystal, the sum fre-
work at low fluences, impeding experiments on transient speguency from 250 to 272 nm is produced. Instead of rotating
cies, which can only be generated in low number densitieshe plane of polarization for one of the beams, we installed
The development of efficient detection schemes, like timethe mixing crystal in a 45° angle. The central wavelength and
resolved photoionizatioft>>?° made experiments on spectral profile of the pulses were determined in a 270 mm
moleculaf? and metal clustef§2’ possible. Photoionization monochromatofActon Researchwith a 1800 grooves/mm
is particularly suitable for studies on systems like hydrocargrating, yielding a wavelength accuracy ©1f0.1 nm.
bon radicals, for which in general no fluorescing states are  As evident from Fig. 1 the electronic states of interest in
known. Upon photoionization two species, the ion and thehe allyl radical lie outside the tuning range of the laser sys-

EXPERIMENT
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Nd-YAG AT Laser color background signal. Typically, energies ojl or less
480@mJ were used for both, pump and probe, in fie-1'] experi-
532 nm ments, whereas in thE2+1'] experiments pump energies
_| around 20uJ and probe energies from 2 to 14 were em-
monochromator p| OyEd .
1800 I/mm . . .
REGEN - In all experiments the relative timing of the two pulses
<8mJ was controlled by sending the pump beam to a retroreflector
750'28&1‘;%2"‘ mounted on a computer-controlled stepper mgferotech
ATS 02040. Typically one data point was taken every pico-
second. The two beams were recombined with a dichroic
hv[2hv] i8hv_ 5-20 barH, I mirror and focused collinearly by a 500 mm quartz lens into
Ss — L . . . .
: I—|—:’_ the ionization region of a magnetic bottle time-of-flight pho-

stepper motor toelectron spectrometer, leading to intensities on the order of
e PP s 1011 chmz in the [1+1/] eXperimentS. In théZ"’ll] ex-

periments the lens was positioned in such a way that the
probe beam focused slightly before and the pump beam
slightly after the ionization volume. We estimate the intensi-
ties to be similar to those in tHa+1'] experiments.

The details of the spectrometgkpplied Laser Technol-
ogy) were already described befd¥&!® The advantage of a
magnetic bottle as compared to other electron detection tech-
niques is the high detection efficiency of 30%-50%, making
. , . it a suitable device for experiments on transient species that
FIG. 2. Schematic drawing of the experimental setup, based on a Ti:sap- . .
phire laser system, amplified at 10 Hz, with a pulse duration of 2—2.5 ps an§@N only be produced with low number density. The tradeoff
mJ-energies. In order to extend the tuning range of the system to pump thg a modest energy resolution of typically 15 meV for low
UV bands of allyl, the second harmonic output was Stokes-shifted,in H ; ; SN
while the frequency-tripled output served as the probe pulse. Féf.th# ] energy eleCtr,onS’ although experiments with significantly
experiments the Stokes shifted radiation was frequency doubled in a BB®ELtEr resolution were reporté@i.ln our work we detected
crystal. The two pulses were recombined and focused into the ionizatiogomparably fast electrons, resulting in an inferior resolution
region of a molecular beam apparatus equipped with a magnetic bottle pho- . .
toelectron spectrometer. Bt typically 30 me.V...The.S|gnaIs were regd out, averaged

over 200 shots, digitized in a storage oscilloscépeCroy

9450 and transferred from there into a personal computer.
tem. In order to pump the UV bands in allyl to the blue of The start signal for the detection was established by a pho-
250 nm, we utilized the technique of stimulated Raman scatdiode mounted behind the exit window of the spectrom-
tering (SRS and shifted the frequency-doubled Ti:Sa pulsegier The signals were not corrected for laser power.

in a high-pressure hydrogen cell. A detailed description of A clean beam of allyl radicals was obtained by super-

th? process, |nclud.|ng a charact'erlzatlo'n of the R"’Im‘r’méonicjet flash pyrolysf€ of 1,5 hexadiene seeded in 1 bar of
shifted pulse, was given in an earlier publicatfdrHere we

just note that the duration of the pulse shortens by a factor o eI|.u.m. ,It was obtalngd from FIuka} and used without further
2, maintaining the time-bandwidth product of the input pu|Sepurn‘|cat|on. The details of the radical source, mounted on a

(AT Av~0.7), thus leading to a spectrally broadened pulsé>eneral Valve solenoid with a 0.8 mm nozzle, are described
with a halfwidth of~15-18 cm®. The energy of the pump in the literature’® Number densities of more than f0adi-

pulse was controlled by adjusting the hydrogen pressure ifals per crcan be obtained at the source exit, which yields
the cell between 5 and 20 bar. For two-photon excitation ofiround 1&° radicals per crin the ionization region. The
the B-state (full arrows in Fig. 1 the first order Stokes- source region is pumped by a 23¥/tin roots blower, while
shifted light, S1, around 499 nm, corresponding to a Ti:Sghe main chamber, separated by a skimmer, is equipped with
fun(_damental of 826.6 nm, was used directly. For on_e-photor& 2400 /Is diffusion pump. An additional 2007/s tur-
excitation of theB-, C-, andD-state(dotted arrow in Fig. 1 ponump is attached to both, the ionization region, and the

thz Slt was :;requengy ?OUka)e[: al merOBBCcryztaé,sig detector region in the magnetic bottle, in order to achieve
order 1o produce radiation between nm an "Myitferential pumping. Typical operating pressures were on
increasing the bandwidth to approximately 20—25 ¢m

The frequency tripled radiation from the Ti:Sa systemthe order of fgveral _IG Torr in th? ionization region and
served as the probe pulse, as indicated by the dashed arr@fPund 10" Torr in the magnetic bottle
in Fig. 1. As in the present setup both pulses were derived Mass spectra were obtained in the same spectrometer by
from the same fundamental, the wavelength of the prob@Pplying up to 800 V to an electrode mounted on the lower
pulse depended on the chosen pump wavelength and vari@@leface of the magnetic bottle. However, the detection effi-
for the experiments on different vibronic states. We attenu<iency is significantly reduced as compared to electron de-
ated the energy of the probe pulse in order to minimize onetection.

magnetic bottle
photoelectron spectrometer
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FIG. 3. The mass spectrum recorded via Bh@J state at 499 nm is domi-
nated by a peak ah/e=41, corresponding to allyl. A smaller peak appears

atm/e=239 due to fragmentation in the ion. Note the very small signal from FIG. 4. The complete time-resolved photoelectron spectrum fronCta@
the precursor, 1,5 hexadiene,rate=82. All signals went away when the state at 248.1 nm. The time-dependent signal dug tdl’] ionization, as
pyrolysis source was turned off. well as a time-independent signal due tl& 1] process can be recognized.

IIl. RESULTS AND DISCUSSION termediate state that evolves in time. The excited-state popu-
lation is then monitored in real time by a time-delayed probe
A. Mass spectra pulse that projects the intermediate state dynamics onto a
In experiments on transient species it is important tofinal state. In the experiments described here, this final state
establish the identity of all species that might contribute tois the ground state of the allyl cation. We obtain a time-
the time-dependent signals. Therefore mass-spectra were @dependent signal from the evolving intermediate state that is
corded in our spectrometer. A spectrum recorded oBth§  due to detection of the electrons formed in the ionization
state of allyl, excited by a two-photon pump process at 499.process as a function of the pump—probe delay.
nm, is given in Fig. 3. As visible, it is dominated by a peak For each vibronic band photoelectron spectra were re-
at m/e=41, which corresponds to the mass of allyl, with corded every ps over a pump—probe delay range of around
another smaller signal ah/e=39. Since the observed life- 100 ps. A complete scan gives rise to a three-dimensional
time of this peak as determined from time-resolved masspectrum, like the one from the-state origin, depicted in
spectroscopy is identical to the one observed for allyl, weFig. 4. Here pulses with a wavelength of 248.1 nm and 274.3
assign this peak to fragmentation in the allyl cation due tom for pump and probe, respectively, were employed, corre-
absorption of a second probe photon, leading to the formasponding to a total energy of 9.52 eV. In such a scan the
tion of C;H; . The reaction of allyl cation to cyclopropenyl excited state population can be monitored by following the
cation, the global minimum on the;8; potential energy intensity of a given band in the photoelectron spectrum over
surface, and klis associated with a heat of reactiadig, the delay time. The advantages of photoelectron spectros-
of only 30 kcal/mol. We note, that the cyclopropenyl cationcopy as a final-state selective detection technique are best
plays an important role in the chemistry of the interstellarillustrated in the photoelectron spectra recorded at pump-—
space as a precursor o§i€, , the most abundant hydrocar- probe delaysAt=0 and At=—10 ps (i.e., with the probe
bon cation in space. Only a very small signal appears a@ser arriving in time either together with, or before the pump
m/e=82, the mass of the precursor, 1,5 hexadiene, provinggse) given in the upper and lower trace of Fig. 5. Both
that it is not ionized under our experimental conditions, and
thus does not contribute to the signal in the photoelectron
spectra discussed below. In addition it was ensured in each - -10ps
experiments that the signal vanished upon turning off the
heat at the pyrolysis source, demonstrating that no photolytic
cleavage of the precursor occurred. We regard it as an im-
portant advantage of pyrolysis that precursors can be selected
that are not susceptible to photolytic cleavage at the wave-
length employed in the pump—probe experiment. In conclu-
sion, the mass spectrum indicates that we generate a clean
beam of allyl radicals under our conditions. Mass spectra

. . . . . . PRRFURTIS IR WO TN W [ VPR T U S S S AT T S N O B S B A
recorded via other intermediate states are very similar in ap- 05 1.0 15 20 25 30
pearance.

electron energy (eV)

- [1+1]

electron signal (arb. units)

, . FIG. 5. The two photoelectron spectra recordetl=at-10 ps(upper tracg
B. [1+1'] photoelectron spectra, time dependence, andt=0 (lower trac@ were obtained from the full scan in Fig. 4. As visible,
and decay traces the time-dependen{1+1'] signal is well separated from the time-

. . . independen{1+1] signal, permitting a background-free detection of the
Time-resolved experiments are typically performed asormer. Note that the order of the process can be deduced from the electron

pump—probe experiments, with a pump-laser exciting an inenergies.
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spectra were obtained from the full scan, given in Fig. 4. A
sharp time-dependent peak, with some vibrational structure
being apparent, is visible at 1.37 eV electron excess energy
when the two lasers are overlapped in time, due f-al’]
ionization process. In addition, the pump laser alone can ion-
ize the molecule in §1+1] process, producing an unwanted
time-independent background signal, that is present in both
spectra around 1.8 eV. As the excess energy transferred to
the electron is different for the two processes, the signals o & o oo
associated with them appear at a different place in the pho- T TN S i winn
toelectron spectrum, allowing to separate the time-dependent 20 0 20 40 60 80 100 120

from the time-independent contributions, as long as the en- pump-probe delay (ps)

ergies of the t_WO photons are sufficiently different from e_aChFIG. 6. The decay of th€-state origin. The signal was obtained by inte-
other. In this sense photoelectron spectroscopy IS @rating the major peak given in Fig. 4, and plotting it as a function of the
background-free detection technique. It is noteworthy thapump—probe delay. The fit constitutes a convolution of a monoexponential
background signals are observed from the pump laser alon¥ith & time constant of 15 ps and a Gaussian of 4 ps FWHM, representing

despite a pulse energy of only,dJ, illustrating the problem the instrument response function. No difference was found between excita-
P p ay Y, g P tion of theC 0 bandheadupper trackand highK .-levels originating from

of interfering ml:”tiphOton processes in shor?-pul'se SPECtrosg~12 (lower trace, indicating the absence of rotational effects on the
copy. Although in the present example the time-independentecay.

signals are relatively small compared to the time-dependent
ones, for several other bands they became equal in magni-

tude at later delay times. This lead to a significant noise levelhe ns-MP!I spectra, permitting a simulation of the rotational
in the time-resolved mass spectra and subsequently to largeand contours. As allyl is a near-prolate asymmetric rotor
uncertainties in the lifetimes determined by collecting the(x~—-0.9), K, can be used as an approximate rotational
total ion signal. Another advantage of photoelectron specquantum number. With our broad excitation bandwidth of
troscopy is the easy determination of the order of the timemore than 20 cm® we will always excite a superposition of
dependent process directly from the electron energies, ensuseveralK . -states. Nevertheless it is possible to distinguish
ing that the signal originates indeed fronjla+1'] process. between excitation to a low:, or high&/ superposition.
A hypothetical [2+1'] process would be associated with While the decay curve given in the upper trace of Fig. 6
very fast electrons, arriving at the detector significantly earcorresponds to excitation to th@ 08 bandhead, the curve
lier than the electrons formed in tj@+1'] or [1+1] pro-  given in the lower trace corresponds to excitation to Hgh
cesses. If only the total ion signal is collected, it is morestates, originating fronK 2~ 12. Apart from a smaller overall
difficult to say from which process the signal originates. Thissignal, and a subsequently inferior signal to noise ratio, the
issue will be further discussed below in the Appendix, wheredecay curves look very similar and yield the same time con-
we describe the determination of an instrument responsetant of 15 ps. Therefore we conclude, within the restrictions
function from a signal due to a higher order process, whichliscussed above, that there is no significant influence of the
appeared in the time-resolved photoelectron spectrum of thetational state on the decay of tikestate origin.
S, state of pyridine. In the same manner we obtained lifetimes for all vi-

To monitor the population decay in the intermediatebronic bands between 250 and 238 nm that were assigned in
state, i.e., to obtain lifetimes, the intensity of the major time-the MPI spectra, with some more examples given in Fig. 7.
dependent peak in the photoelectron spectrum was integratfthe values for the lifetimes of all bands, obtained at the band
and the integral plotted as a function of the pump—probanaximum, are summarized in Table | together with the ex-
delay. An example of the resulting decay curve is given incitation wavelengths and assignments reported in Ref. 11.
the upper trace of Fig. 6, with the solid line being a fit to theWhile the value for theB-state origin was taken from the
data points that represents a convolution of the instrumeri2+1'] experiments reported earlier, all other lifetimes were
response function of 4 ps with a monoexponential decaydetermined if1+1'] experiments. We note that most values
The time constant obtained this way for the population flowconstitute an average over several scans. The overall accu-
out of theC-state origin was 15 ps. racy of the lifetimes is estimated to be around ps, al-

In principle the lifetimes and nonradiative decay proper-though for some states, in particular meog, it is certainly
ties depend not only on the vibrational, but also on the rotamuch better. An overall decrease of the lifetime with increas-
tional state. Such a rotational dependence was for examplag excitation energy is visible, but no sudden jump is ap-
reported in a ps time-resolved study of predissociation lifeparent, suggesting that the dominating nonradiative decay
times in theB- and C-state of ammonia, where significantly channel operates on @ and C-state vibronic levels in the
different lifetimes were reported for high or low'K’ same manner. At the blue end of the energy range studied,
values® In the case of allyl with two small rotational the lifetime becomes as short as 9 ps for [héé band. In
constant$ (B"=0.346cm*, C"=0.290cm!) it is not this range, the signal intensity for the vibronic transitions
possible to excite individual-states even with pulsed ns-dye reported in the nanosecond MPI spectrum becomes rather
lasers. On the other hand, due to the relatively large constastnall, in contrast to the findings of absorption experiments,
A"=1.802 cm!, the K-structure was partially resolved in where the absorption cross section continues to grow down

electron signal (arb. units)
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here and the decay is also due to internal conversion. Alter-
native channels can be ruled out for the following reasons:
(a) intersystem crossing is not possible, because the lowest
quartet state is energetically not accessible in the range of
excitation energies discussed in this paper, see Figb)l;
dissociation into gH, plus a hydrogen atom does occur, but
on a nanosecond time scale, as shown recéhfhus the
decays reported here cannot be due to direct or predissocia-
tive hydrogen loss from the UV statds) A third possibility
would be excited state isomerization, leading to the forma-
tion of either cyclopropyl or methylvinyl radical. Photocy-
clization in agreement with the Woodward—Hoffmann rules
was suggested by theoretical studfemnd resonance Raman
experiment$. At the excitation energies present in our ex-
periment, the cyclopropyl radical would lose a hydrogen
atom and form the closed-shell molecule cyclopropene. In
C7,5 t=20ps our recent nanosecond experimefitsnvestigating the H-
E——— | ecucumme atom product of the unimolecular dissociation of allyl radi-
25 0 25 50 75 100 125 cals, no indication for cyclopropene formation was found.
Thus we conclude that under our conditions photocyclization
does not constitute an important decay channel for the UV
FIG. 7. Decay traces for a selected number of vibronic states of the the allpands of allyl. However, we want to emphasize that the ex-
UV band system. The lifetime decreasgs to the blue, regching a valqe of 9 Fﬁerimental evidence for this channel was obtained from reso-
for the D 7} state, the bluest band assigned in the earlier MPI studies. . L
nance Raman experiments performed at 224.63 nm, signifi-
cantly further to the blue. We cannot rule out that

to 224 nm. From our results we conclude that due to thephotocycllzatlon might become important in this wavelength

decreasing lifetimes, ionization can no longer compete effifange. A second isomeric intermediate that might be formed

ciently with the nonradiative decay of the states in experi—IS the methylvinyl radical. Indeed, evidence for the appear-

ments with ns-laser pulses, leading to successively smallé1°€ of this SPecies In the photod|ssoma_1t|on of hot grqund
signals in the earlier MPI experiments. state allyl radicals will be presented in a forthcoming

9 .
In our earlier communication on the dynamics of low- paper*® However, there are several strong arguments against

lying levels of theB 2A, state, we suggested that the nonra-an excited state isomerization in the UV bands. First, the

diative decay is due to internal conversion either directly toSt"’lt"Q’t'C"’lI analysis of the nanosecond &ala in agreement

the ground state, or via tha-state. We are convinced that with a reaction from a hot ground state. Second, two differ-

similar arguments also apply to the vibronic states discusset Pathways for_the $1s—C5H, +H reaction with different
rates on the ns-time scale were identified in the nanosecond

experiments, the faster one being site-specific allene forma-
TABLE I. The peak positiongband maximaand assignments for the dif- 0N, assougted with th? |OS_S of the (fentral hqugen atom.
ferent UV bands, taken from Ref. 11, are given with the lifetime obtainedNO mechanism proceeding via an excited state isomer can be
from the time-domain experiments. The lifetime ®03 was determined in  envisioned to be in agreement with this site-specificity.
a [2+‘1’] experiment, while all other values were obtained frpb+1'] There would be the possibility to have two different decay
experiments. . .
processes from the excited states, but all decay traces inves-
Wavelength(nm) Assignment Lifetime(ps) tigated can be well fitted by a monoexponential function,
forcing us to the conclusion that there is only one primary

electron signal (arb. units)

pump-probe delay (ps)

249.7 0 20 .
ecay channel of the ands. This means that the branch-
e ggg - decay channel of the UV bands. Th that the branch
247:4 B 7? 20 ing into two reaction channels observed in the nanosecond
246.3 B 120(1) 19 experiment$? occurs on the ground state surface. The only
246.1 B ol 20 decay channel from the UV bands that provides access to
245.8 C73 20 several different reaction channels is internal conversion to
245.0 B 72 15 the ground state, producing hot ground state radicals with
1 . . . .
243.7 B 1120 18 enough internal energy to overcome the activation barriers
zjg'i C7o ii for several reaction channels.
o421 Eélsolé 1 For the internal conversion of the UV bands two differ-
241:9 B 1701 11 ent pathways are possible, either decay directly to the ground
2414 c 5(1;) 13 state, or a two-step process via thestate. The rate of non-
240.6 D 09 12 radiative decayk:if as given by Fermi's Golden Rufe
239.1 a 10
238.4 D7} 9 2
k!C —— plC/.,. 2 E 1
2This band was reported, but not assigned in Ref. 11. =t BHXilxn"p(E) D
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is governed by two factors, the density of state&), and 22

the Franck—Condon factors between the coupled vibronic B iteti

levels, (xilx;), assuming constant coupling matrix element 20 K lifetimes

B'°. The vibrational density of states in the ground state at 18l

this energy is on the order of cm™* while the one for the

A-state is more than four orders of magnitude smaller, thus __ 16}

favoring a direct conversion to the ground state. On the other 2 -
hand, conversion via thé-state should be favored by the g 141 s
smaller energy gap and the better vibrational overlap. As the 3 12 2
X- andA-state are very similar in geometry, IC to the ground = o, i, =
state would result in a higher degree of vibrational excitation 10} ‘°‘~~~§:J B17, u’

than IC to theA-state, leading to less favorable Franck— "o p7'"
Condon factors in expressidil). We note that the rate for 81 1/p(E) “\{0—0_75
the nonradiative decay lies betweerx50'°s™* and 1 . A

x 10' s71 and is thus remarkably slow for a higher excited 48000 41000 42000

states of a molecule that size, probably due the large energy
gap between the UV bands and the lower-lying states of

around 2 eV or more between theand theA state and 5 ey FIG. 8. Comparison of the measured lifetimes of the different vibronic
states(squarep with the inverse vibrational density of states of the elec-
or more petwee” the and theX state. . tronic ground statep(E) (circles. The decrease in the lifetimes is approxi-
In pr|nC|pIe one would expect a S'gnal from a lower mately proportional to the increasing density of states. HoweverCtbé

electronic state to grow in the time-resolved photoelectromnd maybe thé 72 bands deviate from this relation, showing that factors
spectrum with increasing delay tim&3> However, no such other than the density of states become important.
signal could be identified in our time-resolved photoelectron
spectra. This can be explained by the large degree of vibrazonversion directly to the ground state. Two interesting fea-
tional excitation present in the lower electronic states aftetures can be observed: Vibronic bands that are very close to
the internal conversion, in particular in the electronic groundeach other have very similar lifetimes, as evident for the tiers
state, due to the large energy gap. The vibrationally highlyof states around 40.630 ¢rh (t=19-20 ps), 41.060 nitt
excited states will have poor Franck—Condon factors with(18 p9, or 41.320 cm? (11 p3. This confirms the assump-
the low-lying ionic states accessible in this experiment, betion of a very strong coupling of the states, which was sug-
cause the excess energy available in the ion ranges from 1gg&sted in the earlier MPI work, based on the appearance of
eV for the B-state origin to 1.7 eV for th® 7(1) state, the the formally one-photon forbiddeiB-state bands in the
highest state investigated. As the wavelength of the probEL+1] spectra. The other remarkable feature is the pro-
pulse depended on the chosen pump-wavelefsgta above  nounced deviation of th€ 0g state from this linear relation
we were not able to probe a larger range of the potentiawith the density of states. The deviation might also be
energy surfaces. Future experiments employing two indeperpresent for theB 75 band, but given the error bars ofl ps
dently tunable lasers will address this issue. For ionizatioron the lifetimes it is not entirely clear. Interestingly both are
from the A-state the situation is more favorable, but it is relatively isolated bands, separated by more than 100*cm
likely that a highly excitedA-state, populated by IC from the from their next neighbor, indicating that the coupling be-
UV states, has itself a fast nonradiative decay that cannot baveen neighboring states leads to a lengthening of the life-
time-resolved in our experiment. time. So factors other than the density of states do play a role
Another reason for the absence of a signal from a lowefor the radiationless decay of at least some of the states. It
electronic state could be an unfavorable electronic matrixnight be possible, for example, th&state contributions
element® In a one-electron picture th&-state would corre- lead to a lengthening of the lifetime of formalG-state lev-
spond to a[(b;)(a,)?] configuration, while theC-state €ls, or that additional interactions with tiéestate modulate
would correspond to B(b;)?(a;)*] configuration. Thus one the electronic matrix elementg'® for the decay into the
might expect a poor electronic matrix element between th@round state. We note, however, that our nanosecond
A-state and th¢(b;)?] cationic ground state. However, ear- experiment&*®indicate no change in the photodissociation
lier theoretical work indicates that th& and theC-state, dynamics when different UV bands are initially excited.
being both OfBl Symmetry' are mixed, with each Conﬁgura_ Information on the relative importance of the density of
tion contributing to both statésS. Thus unfavorable elec- states and the FC-factors is available from experiments on

tronic matrix elements are not expected to be important fofsotopic species. Deuteration of allyl should on the one hand
the ionization of excited states of allyl. increase the density of states, but on the other hand lead to

In order to get more |ns|ght into the mechanism of theless favorable FC'faCtOFé. Such eXperimentS that mlght
decay of the UV bands, the lifetimes of the UV bands aregive additional insight into the decay mechanism will be
plotted in Fig. 8 as a function of excitation energy, with thecarried out in the near future.
inverse vibrational density of states of the electronic ground ,
state, pyi,) 1, given for comparison. Overall the decrease inC' Structure of the - [1+1'] photoelectron spectra
the lifetimes is approximately proportional to the density of  For a discussion of the intermediate state dynamics it is
states, indicating a decay governed p{E), and thus by important to have sufficient information on the final state on

energy (cm”)
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AL T T T T T T ground state values. As the 420 cthprogression reported
by Houle and Beauchampis absent in our spectrum, it is
reasonable to assume@s-c¢ similar to theC state and as-
sign it to the CCC bending mode; . This is confirmed by
experiment the photoelectron spectrum from th’b?é state, yielding an

IP that is approximately 450 cm higher in energy. We
note, that a frequency determination by comparing the en-
ergy of the dominating peak in different spectra is relatively

simulation with inaccurate, because the errors of 20 meV in the energy cali-

- Foc=137 A Occe=1167 bration for each spectrum can add up. In addition, different
oo o TR T I e CCC bond angles were reported for the higBeandC-state
60 o5 10 15 20 25 30 levels, so additional activity in the ionic bending modg

ion internal Energy (eV) can be expected, further complicating an unambiguous iden-

FIG. 9. The ohotoelect rum from ttastate origin (top tracé tification of the origin.
. 9. The photoelectron spectrum from ate origin(top trace, .
compared with a simulated spectrioenter track obtained by convoluting We analyzed the excited state photoelectron spectrum

the stick spectrum in the bottom trace with a Gaussian with a FWHM of 3ofrom the C-state origin performing a Franck—Condon simu-
ge\é- It? O(rjdelr totf]imhulgttet thi low f'E_rvs(rjgy T’Sr?ou:)ciert Offtthe m«’:lJ'Obft P_ealg tfhdation, following the approach outlined by Ch&hThis state
. (0—0)22.37e£gan J @fcccg llg".reFlrr:aequ.enci:s ;slSQO’W;‘SBg’ ::;e 450°r|s the one examined in most detail in the ns-MPI experi-
cm were employed for the ionic modes’ , v{ , andv’ . For the other ~MENtS, SO & good geometry was available from this work. A
parameters see text. starting geometry for the ion was obtained frah initio
calculations, using theAUsSIAN suite of progrants (MP2
calculation with a 6-31&° basis set which was then re-
which the dynamics is projected on. As the ionic groundfined to achieve a good fit to the spectrum. Several other
state is known for many molecules from steady-state photoparameters necessary for the Franck—Condon simulations,
electron spectroscopy it often constitutes a suitable choice 3ge force constants and atomic displacement matrices, were
a template for studying intermediate state dynamics. In eaipptained fromab initio calculations of the neutral ground
lier photoelectron work on the allyl radical by Houle and giate. This simplification seems justified because these pa-
Beauchamp? an adiabatic ionization potential of 8:8.02  (ameters depend predominantly on the atomic masses and
eV was reported. A single strong progression of 420°tm change little upon electronic excitation. We chose the spec-
was observed, but not assigned. The closeness of the adignm recorded at the maximum signal intensity, because the

batic and the vertical ionization po_tentlal indicates that theshape does not change with increasing pump—probe delay,
geometry change upon ionization is small, as expected f°§ee above

the ejection of a formally nonbonding electron. ; 0 :
In Fig. 9 the photoelectron spectrum from tBeQ; is
Compared to the photoelectron spectra recorded from. 9 P P 0

the neutral ground state, our spectra are considerably simplP. " In the top trace, with the best fit given for comparison
9 ’ P y P the center trace. We found that slight changes in the CCC

contribution from hot bands. As the overall shape of the)éond angled ccc had little effect on the shape of the spec-

spectra does not change with the pump—probe delay it i%r_um and could |_’10t reproduce the shoulder on the low energy
possible to analyze them in order to obtain additional infor—s'dg' Changes m;heﬁC—tC bigd Iengt[], on :[I'hhe Ot?eli hand,
mation on the ionic ground state. The advantages of photcr-|a a prono_unc;]e be ect on the fsphec fr_um. €s 'Cb _spedc-
electron spectroscopy from selected intermediate states 4&'M: given In t Z ottom trace of the figure, was obtaine
compared to the ground state were discussed in detail b/t I(c-o=1.37 A and®ccc=116°, with the other param-

Kimura® several years ago. We will now examine the SpeC_eters fixed at thab initio values of 1.0802 Acentral C—H

trum obtained from the€ 00 state, given in Fig. 9, which is Pond, 1.0824 A(C-H exo, 1.0836 A(C-H endo, 121.7°
dominated by a single peak, with some broadening on théCCH €x9, and 120.78{C—~H endo. It was convoluted with
low energy side, due to vibrational excitation in the ion. One@ Gaussian with a FWHM of 30 meV to yield the simulated
other well-separated band, shifted 5.3 eV in energy, is SPectrum in the center trace of Fig. 9. The small geometry
visible. As the total energy is 9.52 eV, we calculate an ion-change leads to some vibrational activity in the modgs
ization potential of 8.15 eV, in good agreement with the(CH, rocking, vg (CCC stretchandv; (CCC bendl with
value of 8.13 eV from Houle and Beauchafifgiven that  Vibrational frequencies of 1349, 1080, and 452 ¢rrespec-

our error bars are also estimated to be around 20 meV. THévely, as obtained from the calculations. It should be noted
absence of a strong progression suggests an ionic geomethat theab initio frequencies are in general too high. In cal-
which is very similar to theC-state. The major change in culations of the allyl ground state we found a scaling factor
geometry upon excitation from the ground state to @e of 0.94 to yield good agreement between the calculated and
state origin is a decrease in the CCC an@lg-c from 121°  the observed frequencies, leading to values of 1270, 1015,
to 116.5°, accompanied by a slight decrease of the C—C borahd 423 cm* for the three modes.

length from 1.3869 A to 1.385 A. Minsek and CHéme- With the ab initio value ofr c_g=1.3826 A and® ccc
ported an excellent fit to the MPI spectra with those two=117.6° the shoulder on the low energy side could not be
values, keeping the other angles and bond lengths at theieproduced, withr _c, shortened further to 1.365 A'it ap-
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B 0,°
80

¢ signal (arb. units)

signal (arb. units)

488 492 496 500 504

pump wavelength (nm) FIG. 11. Time-resolved photoelectron spectrum ofS’lleﬁaé state of py-

FIG. 10. By tuning the laser system and recording the signal arbeiid a ridin, recorded for calibration of our setup. Note the presence of a small
[2+1'] spectrum of théB-state was obtainetlipper track The experimen- P2k around=0, at an electron time-of-flight of 550 ns.

tal data points are given as open diamonds, with the solid line being a

smoothed curve, drawn in to guide the eye. The publi§@e®] MPI spec-

trum, given for comparison in the lower trace, is well reproduced. parison. It is evident that the two spectra match very well
and that the picosecond spectrum goes down to zero in be-
. . ) o . . tween the two bands that dominate the ns-spectrum. This is
pears with too high an intensity in the simulation as cOM-pqiher confirmation for the identity of the transients re-
pared to the experiment. __ported. The additional features due to 1¢2} band and the

We already noted the appearance of another relatlvelé 72 hotband present in the ns-spectrum could not be de-

. . . . 0
broad, time-dependent band in the discussion of@Gh8y  toc1eq in the ps-experiments, due to the small absorption

_state, marked Wi_th an asterisk in Fig. 9. This band is presgrgross section and the relatively cold molecular beam, respec-
in all spectra, shifted by 0.3-0.5 eV to lower excess energleF

f h . dad i hat i al identi vely. For theB 7§ band a lifetime of 16 ps with relatively
rom the maximum and a decay time that is always identica arge error bars was reported before. We consider the value

to the one of the dominant band. Such a band could in pring¢ 56 o optained in thiL+1'] experiment as more accurate.
ciple be assigned to the fundamental or first overtone of a

C—H stretching vibration. However, the available data on the

geometry of the excited states and the ionic ground state de- [1+2'] photoelectron spectra of pyridine

not support such an assignment. Therefore we assume that |4 order to characterize our experimental setup we car-
the_signal is due to a higher order process. A possible explqjed out time-resolved experiments on tBe state of pyri-
nation can be deduced from the mass spectrum presented dihe, which is known to decay by internal conversion to the
Fig. 3, which shows the presence oftG , formed by frag-  ground state. The lifetimes of several vibrational levels were
mentation of allyl cation. Such a dissociative ionization duegetermined before in a series of experiments using single
to a[1+2'] process might be accompanied by photoelectroni,hotOn counting® In our study we pumped th®, state with
with a broad distribution of energies and thus be responsiblge third harmonic output from the Ti:Sa laser and ionized

for this band. subsequently with two second harmonic photons. A com-
plete scan for the first overtone of the &ibration, 6a3,
D. [2+1'] photoelectron spectra of the B 2A; state pumped at 278.8 nm and probed with two photons of 418.2
As mentioned above, one-photon excitation from thenm is given in Fig. 11. The time-dependent band shows ex-
X 2A, ground state into thB 2A, state is formally forbidden tensive vibrational structure, with identical time dependence,
by symmetry. Nevertheless bands formally assigned to théat we could not yet assign, due to two reasons. First, there
B-state can be observed due to the strong mixing of the eleds only very little information available on the pyridine cat-
tronic states in the UV region. However, for low-lying vibra- ion, and second, our analysis is complicated by the two-
tional states, in particular thB-state origin, the signals be- photon probe process that in principle permits an influence of
come quite small and are better studied ifRa&1'] process. highly excited Rydberg-states populated after absorption of
In our earlier communication a lifetimes of 20 ps for tBe the first probe photon. In Fig. 12 a decay trace for th§ &
09, derived from[2+1'] experiments, was reported. In those given, which is fitted with an exponential with a decay con-
experiments we investigated the whole range studied beforgtant of 32 ps. This has to be compared with the reported
by [2+2] MPI spectroscopy by tuning our picosecond laserliterature value® of 38 ps, obtained in the above-mentioned
system. The resulting spectrum is depicted in the upper tracexperiments, which was deconvoluted from an instrument
of Fig. 10, with they-axis representing the pump—probe sig- response function of 70 ps. We regard the agreement as sat-
nal att=0. The experimental data points are given as opersfactory, with our result being probably more accurate.
diamonds, while the solid line represents a smoothed curve, Upon inspection of the spectrum in Fig. 11, one finds an
drawn to guide the eye. Thé2+2] nanosecond-MPI additional time-dependent signal, appearing around @55
spectrum? is given in the lower trace of the figure for com- at high electron kinetic energies. As visible from its time-
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process shortens the pulse by a factor of 2, the cross corre-
lation is expected to be slightly smaller. It is also dominated
1=321ps by the Ti:Sa third harmonic, limiting the time-resolution of
the system again to 3—4 ps.

IV. CONCLUSION

In this paper we presented experimental results on the
A ! nonradiative decay of the UV bands of the allyl radical,
0 50 100 CsHs, as measured in a molecular beam of cold radicals.
pump-probe delay (ps) Lifetimes for all vibrational states between 250 and 238 nm,
FIG. 12. The decay trace for ti% 6a3 state, obtained from the spectrum in the whole range preVIOUSI,y aSSIQn?d by nano.second_MPI
Fig. 11, with a lifetime of 32 ps. It is known that ti® state of pyridin  SPectroscopy, were determined by picosecond time-resolved
decays by internal conversion to the ground state. photoelectron spectroscopy in a magnetic bottle using
[1+1'] and[2+1'] excitation schemes. It was shown that
o . o this method is well suited for an investigation of the photo-
dependence, given in Fig. 13, it is symmetric with respect thysics of organic radicals. The experimental setup as well
the pump—probe delay. It can be identified from its time-0f-35 the advantages of the technique, background-free detec-
flight as being due to a process in which one photon of 278.§on, of time-dependent signals and the possibility to deduce
nm and three photons of 418 nm are absorbed, i.e., eitherfie order of the processes from the spectra, were discussed.
[1+3'] or, less likely, &3 +1] process. If the total ion sig- e observed lifetimes ranging from around 20 ps for Ehe
nal was collected, such a higher-order process would contritbg state at 249.7 nm, down to 9 ps for tBe7} band at 238
ute to the signal, possibly complicating the analysis of the,y i agreement with the increasing density of states. For
data. With a differential, final state selective detection techyne ¢ 0J state a lifetime of 15 ps was found, 25% shorter

nique, like photoelectron spectroscopy, the contributionghan the lifetimes of the neighboring states. We interpreted
from different processes can be separated and assigned 10 §ig, gecay of the UV bands as being due to internal conver-
order of the process. In addition this signal permits the degjon ejther directly to the ground state, or via thestate,
termination of the absolute zero in time, as well as an aPeading to the formation of hot ground state radicals. From
proximate dete_rmlnanon of thg cross-correlatl_on functionyye sharp photoelectron spectra we deduced information on
from the full-width at half-maximum. As the signal mea- yhe iy cation, which has a geometry very similar to the
sured for the decay of th§, 6a; state is due to a process of ¢ gtate. The best fit to the spectrum from festate origin
different order[1+2] instead of| 1+3'], the cross correla- yas obtained assuming a slight decrease in the CC bond
tion (cc) obtained from thef1+3'] process, is only an ap- |ength from 1.385 A to 1.37 A and a CCC bond angle of

proximation to the instrument response function for thejqge employing theb initio frequencies of 1350, 1080, and
[1+2'] process. However, as the width of the both, the crossi5g ¢t for the ionic modes; , vg , andv .

correlation for the{1+2'] and the[1+3'] process, is domi- For a calibration of our experimental setup measure-

nated by the width of the Ti:Sa third harmonic, we assuménents on theS, state of pyridine were carried out, that al-
that the two values are very similar. This way we determinedq,yeq us to extract an instrument response function. The rate

thez instrument response function for the experiments on thgr internal conversion in pyridine is in good agreement with
6a, band of pyridine to be 3.8 ps. Beside some day-to-dayayjier experiments.

fluctuations it depended mostly on the wavelength and lay in

general between 3 and 4 ps. In our experiments on the a"yACKNOWLEDGMENTS

radical we employed the second harmonic, shifted in fre-
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